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ABSTRACT 

We report the detection of a radial velocity companion to the extremely low mass white dwarf LP400-22. 
The radial velocity of the white dwarf shows variations with a semi-amplitude of 119 km s -1 and a 0.98776 
day period, which implies a companion mass of M > 0.37M Q . The optical photometry rules out a main 
sequence companion. Thus the invisible companion is another white dwarf or a neutron star. Using proper 
motion measurements and the radial velocity of the binary system, we find that it has an unusual Galactic orbit. 
LP400-22 is moving away from the Galactic center with a velocity of 396 ±43 km s , which is very difficult 
to explain by supernova runaway ejection mechanisms. Dynamical interactions with a massive black hole like 
that in the Galactic center can in principle explain its peculiar velocity, if the progenitor was a triple star system 
comprised of a close binary and a distant tertiary companion. Until better proper motions become available, 
we consider LP400-22 to be most likely a halo star with a very unusual orbit. 

Subject headings: stars: individual (LP400-22) — stars: low-mass — white dwarfs 



1. INTRODUCTION 

In recent years, the number of known white dwarfs (WDs) 
has grown significantly. Optical spectroscopy shows that 
most of these objects are hydrogen-at mosphere WDs with a 
mass distribution th at peaks at 0.6M Q (Eisenstein et alj|2006t 
Keple r~etai1l2007l) . Among the new WDs, there are also a 
handful of extremel y low mass (ELM) WDs with M < 0.3Mp 
dLiebert et al.l2004t Eisenstein et alJ2006t IKilic et alJ2007al) . 
ELM WDs are rare, comprising <0.2% of spectroscopically 
confirmed WDs. More importantly, single star evolution can- 
not produce such low mass WDs in the age of the Galaxy. 
Thus, these WDs yield interesting tests of stellar evolution 
theory. 

ELM WDs must undergo significant mass loss during their 
formation. In one scenario, they form in close binaries whose 
evolution includes a phase of mass transfer, during which 
much of the WD progenitor's envelope is removed. This pre- 
vents a helium flash in the progenitor's core a nd results in 
the observed low-mass, helium-core WD (e.g., Marsh et al. 
1995). Existing observations of ELM WDs do not detect 
the photometric excess or the spectroscopic signature ex- 
pected from main sequence companions. Hence, the bi- 
nary companions of known ELM WDs are probably either 
WDs or neutron stars. This result is consistent with spec- 
troscopic studies of large samples of hydrogen-atmosphere 
WDs, which conclude that in the majority of cases low- 
mass WDs are likely to have degenerate companions (e.g. 
iLiebert et al]l2005t iNelemans & Toutl 120051) . ELM WDs are 
also frequent companions to millisecond pulsars, although in 
these radio-selected systems the WDs are frequently too faint 
for optical spectroscopy to confirm that they are indeed WDs 
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(cf. discussion in Ivan Kerkwijk et aI71l2005h . 

In another scenario, low-mas s WDs form from t he evolu- 
tion of single, metal-rich stars. iKilic et all d2007d) estimate 
that the binary fraction for WDs with M ~ 0.4M Q is 50%. 
They also predict that the binary fraction rises to 100% for 
WDs withM < O.2M , since such extreme mass loss rates are 
not expected even for the most metal-rich stars in the Galaxy. 
Spectroscopic radial velocity studies of the newly discovered 
low-mass WDs are therefore essential if we are to discrimi- 
nate between these mass loss scenarios by measuring the bi- 
nary fraction of low-mass WDs and/or to characterize the cur- 
rently unseen companions. 

A radial velocity study of SDSS J091709.55+463821.8 
(hereafter SDSS J0917+46), the lowest gravity WD currently 
known, revealed velocity variations with an orbital period of 
7.6 hr. The companion of SDSS J0917+46 is most likely 
another WD, alth ough a neutron sta r companion is not com- 
pletely ruled out (IKilic et al.ll2007bl) . 

In this Letter, we describe a radial velocity study of an- 
other ELM WD, LP400-22 (also known as WD 2234+222 
and NLTT 54331 ). This star is interesting because of its low 
mass (w 0.17Mq) and also because of it s high tangential ve- 
locity (> 400 km s" 1 , iKawka et alJl2006l) . LP400-22 is the 
only high-velocity ELM WD currently known. Understand- 
ing its origin is important for understanding the binary star 
evolution that results in ELM WDs. Our observations are dis- 
cussed in §2, while an analysis of the spectroscopic data and 
the discovery of a companion are discussed in §3. The nature 
of the companion is discussed in §4. 

2. OBSERVATIONS 

We used the 6.5m MMT telescope equipped with the Blue 
Channel Spectrograph to obtain moderate resolution spec- 
troscopy of LP400-22 six times on UT 2008 September 23, 
four times on September 24, and three times on December 22. 
The spectrograph was operated with the 832 line mm" 1 grat- 
ing in second order, providing a wavelength coverage of 3600 
- 4500 A. All spectra were obtained with a 1.0" slit yield- 
ing a resolving power of R = 4300. Exposure times ranged 
from 5 to 10 minutes and yielded a composite spectrum with 
a signal-to-noise ratio S/N > 100 in the continuum at 4000 
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TABLE 1 

Radial Velocity Measurements for LP400-22 



HJD 


: : : 

Heliocentnc Radial Velocity 

(km s" 1 ) 


94S47'^9 fyK^fT) 

Z.'-\J'-\ 1 JZ.UjjUZ 


—780 35 4- 5 35 


2454732.63772 


-296.30 ± 5.97 


2454732.67339 


-255.55 ± 3.63 


2454732.73553 


-233.37 ± 3.61 


2454732.82065 


-161.73 ± 5.87 


2454732.90224 


-100.40 ± 5.93 


2454733.60017 


-285.16 ± 5.46 


2454733.63906 


-270.94 ± 6.64 


2454733.74270 


-213.23 ± 3.81 


2454733.90517 


-104.57 ± 5.59 


2454822.55410 


-269.00 ± 4.65 


2454822.62387 


-225.91 ± 7.36 


2454822.67241 


-188.40 ±5.40 



A. All spectra were obtained at the parallactic angle, and 
comparison lamp exposures were obtained after every expo- 
sure. We checked the stability of the spectrograph by measur- 
ing the radial velocity of the Hg emission line at 4358. 34A 
and found it to be stable to within 3 km s" 1 . The spectra 
were flux-calibrated using blue spectrophotometric standards 
(iMassey et al.lll988h . 

Heliocentric radial velocities were measured using the 
cross-correlation package RVSAO dKurtz & Minkll 19981) . We 
obtained preliminary velocities by cross-correlating the obser- 
vations with bright WD templates of known velocity. How- 
ever, greater velocity precision comes from cross-correlating 
LP400-22 with itself. Thus we shifted the individual spec- 
tra to rest-frame and summed them together into a high S/N 
template spectrum. Our final velocities come from cross- 
correlating the individual observations with the LP400-22 
template, and are presented in Table 1. The errors in veloc- 
ities are estimated from the cross-correlation peak. In order 
to check these error estimates, we added noise to each spectra 
and performed the cross-correlation 100 times. The errors de- 
rived from this analysis are consistent with those returned by 
the RVSAO package cross-correlation. 

Noise self-correlation is not an issue for our velocities. As 
a first test, we created a series of co-added templates always 
excluding the particular spectrum to be correlated from the 
co-addition. We found that these velocities are consistent with 
those presented in Table 1 within 1 km s" 1 . As an additional 
test, we also used the best-fit WD model spectrum (see §3) to 
measure radial velocities, and found that the results are con- 
sistent within 7 km s" 1 . Finally, an independent analysis by 
one of the authors found radial velocity differences of up to 8 
km s" 1 for individual spectra. Thus, the systematic errors in 
our measurements are less than 10 km s" 1 ; the mean velocity 
difference between the analyses is ± 5 km s" 1 . This gives us 
confidence that the velocities given in Table 1 are reliable. 

3. LP400-22 AND ITS COMPANION 

The radial velocity of LP400-22 varies by as much as 196 
km s" 1 between different observations, revealing the presence 
of a companion object. We weight each velocity by its asso- 
ciated error and solve for the best-fit orbit using the code of 
iKenvon & Garcia 1 d!986l) . The heliocentric radial velocities 
are best fit with a circular orbit and a radial velocity ampli- 
tude K = 118.7 ± 14.1 km s" 1 . The best-fit orbital period 
is 0.98776 ± 0.0001 days with spectroscopic conjunction at 
HJD 2454732.81 ± 0.029. However, several aliases separated 
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FIG. 1 . — The radial velocities of the white dwarf LP400— 22 (black dots) 
observed in 2008 September (top panel) and 2008 December (bottom left 
panel). The bottom right panel shows all of these data points phased with 
the best-fit period. The solid line represents the best-fit model for a circular 
orbit with a radial velocity amplitude of 1 18.7 km s _1 and a period of 0.98776 
days. 

by roughly 0.01 day, e.g. 0.9770 ± 0.0001 and 0.9988 ± 
0.0001 day, are also present. Figure 1 shows the observed 
radial velocities and the best fit period for LP400-22. Even 
though we observed LP400-22 over 3 nights separated by 90 
days, due to its nearly one day orbit, we were only able to 
cover half of the orbital phase. The long time baseline helps 
us constrain the orbital period accurately. However, the lack 
of full orbital coverage causes the relatively large error (12%) 
in the velocity semi-amplitude measurement. 

The discovery spectra of LP400-22 from the APO 3.5m 
telescope were kindly made available to us by A. Kawka. 
These data consist of two exposures obtained in 2001 and 
have different res olution and wavel ength coverage from our 
observations (see iKawka et al. 2006). Therefore systematic 
differences in measuring the radial velocities are inevitable. 
Cross-correlating these two spectra with our template spec- 
trum, we measure velocities of -177.1 ± 14.3 km s" 1 and 
-32.2 ±8.4 km s" 1 . Including these measurements in our or- 
bital fits changes the orbital period slightly to 1.01 day, but 
with a significantly larger \ 2 - The velocities from these spec- 
tra are also consistent with the range of velocities expected 
from our best-fit orbital solution. We note that the choice of 
periods mentioned above makes negligible changes to the ra- 
dial velocity semi-amplitude. 

We perform model fits to each individual spectrum and also 
to the composite spectrum using synthetic WD spectra kindly 
provided by D. Koester. We use the 13 individual spectra to 
obtain a robust estimate of the errors in our analysis. Figure 
2 shows the composite spectrum and our fits using the entire 
spectrum and also using only the Balmer lines. A best-fit solu- 
tion of r eff = 11440 ±70 K and logg = 6.35 ±0.01 results from 
the observed composite spectrum. Slight differences between 
the continuum level of the observations and that of the best-fit 
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FIG. 2. — Spectral fits (solid lines) to the observed composite spectrum of 
LP400— 22 (jagged lines, top panel) and to the flux-normalized line profiles 
(bottom panel). 

model spectrum redward of 4000 A show that the flux cali- 
bration was not perfect. If we normalize (continuum-correct) 
the composite spectrum and fit just the Balmer lines, then we 
obtain T eff = 11290 ±50 K and log g = 6.30 ±0.02. Our re- 
sults are consistent with each other, and also with Kawka et 
al.'s (2006) estimates of T ef{ = 1 1080 ± 140 K and log g = 6.32 
±0.08. We adopt our best fit solution of T eii = 1 1290 ± 50 K 
and log g = 6.30 ±0.02 for the remainder of the paper. We 
confirm that LP400-22 is an ELM WD. 

Comp aring our temperature and surface gravity measure- 
ments to lAlthaus et ail (1200 ll) models shows that LP400-22 
has M » 0. 17M Q . The effective temperature and surface grav- 
ity estimates for LP400-22 are slightly different t han the pre- 
dicted v alues for a . 17Mq WD (see Fig. 9 in iKilic et all 
l2007al) . iKawka et all (120061) used their best-fit model s pec- 
tra and the ma s s-radiu s relations of lAlthaus et al.l (1200 ll) and 
ISerenelli et al.l (12001 1) to estimate an absolute magnitude of 
My = 9.1 ±0.2 mag, a distance of 430 ± 45 pc, and a WD 
cooling age of 500 Myr. We adopt these values for our anal- 
ysis as well. Using the orbital period and the semi-amplitude 
of the radial velocity variations, we estimate a mass function 
for LP400-22 of 0.171 ± 0.043. Using M = 0.17M© for the 
WD, we can set a lower limit on the mass of the companion 
by assuming an edge-on orbit (sin i = 1), for which the com- 
panion would be an 0.37M Q object at an orbital separation of 
3.4^0. Therefore, the companion mass is M > O.37M . 

4. THE NATURE OF THE COMPANION 
4. 1 . A Low Mass Star 

We combine the spectra near maximum blue-shifted radial 
velocity and near minimum radial velocity into two composite 
spectra. If there is a contribution from a companion object, it 
may be visible as an asymmetry in the line profiles. We do not 
see any obvious asymmetries in the line profiles and conclude 
that our optical spectroscopy does not reveal any spectral fea- 
tures from a companion object. 

LP400-22 has M v rj M, w 9. 1 mag (IKawka et al.ll2006l) . A 
low mass s tar companion with M > 0.37M Q would have Mj < 
8.8 mag (Krou pa & ToutlfT997l) . brighter than the low mass 
WD and detectable in the /-band. Hence, a main sequence 
star companion is ruled out. 



4.2. Another White Dwarf 

Using the mean inclination angle for a random stellar sam- 
ple, i = 60°, we e stimate tha t the companion mass is prob- 
ably -0.48M Q . IKilic et al l (l2007bh studied possible for- 
mation scenarios for the SDSS J0917+46 binary system in- 
volving two common envelope phases. Using the same for- 
malism used in that stud y (7-algorithm equatin g the angu- 
lar momentum balance, iNelemans & Toutl l2005). we search 
for possible progenitor masses and binary separations to form 
LP400-22 and a 0.48M© WD companion with an orbital pe- 
riod of 0.98776 day. 

The Galactic orbit for LP400-22 is most compatible with 
a halo object (see §5). Therefore the main sequence age of 
the progenitor star is ~10 Gyr; the progenitor was a ~1Mq 
main sequence star. We assume that the mass of the WD is 
the same as the mass of the core of the giant at the onset of 
the mass transfer. We assume a giant mass of 0.8-1.2M Q , a 
core mass of 0. 17M Q , and possible WD companion masses of 
0.37- 1.39M Q . We estimate that a common envelope phase 
involving a 0.9M Q star and a 0.48M Q companion at an orbital 
separation of 6Rq and orbital period of 1 .45 days can create 
the LP400-22 binary observed today. 

The same algorithm can be used to re-create the first com- 
mon envelope phase. However, we do not find any possi- 
ble solutions involving M < 2.3M Q stars 6 if we use 7 = 1.5, 
w here 7 is the rate of angular momentum loss as defined 
bv lPaczvnski & Ziolkowskild 19671) . INelemans & Tout! (120051) 
found that 7=1.5 can explain most of the systems that they 
studied, however the first phase of mass transfer for individ- 
ual systems could be explained by algorithms with 7 w 0.6-3 
(see their Fig. 1). Assuming 7 = 2 for the first common enve- 
lope phase, the LP400-22 system can be explained as the de- 
scendant of a O.9M star and a 1 .8-2. 0M Q star with an orbital 
separation of 1.9 AU. Therefore, a likely evolutionary sce- 
nario for a WD + WD binary involving LP400-22 is: 2.0M Q 
giant + 0.9M Q star at 1.9 AU — ► 0.48M Q WD + 0.9M Q star 
at 6fl Q — -> 0.48M Q WD + O.9M giant at 6R Q — -> 0.48M Q 
WD + 0.1 7M© WD at 3.6R Q . 

The main sequence lifetime of a 2M Q star is less than 1 
Gyr, and a 0.48M Q halo WD created from such a s ystem is 
~10 Gyr old. According to the Ber geron et al.l(ll995l) models, 
a 0.5M e CO-core WD cools down to 3250 K in 10 Gyr and 
it has M; ~ 15.4 mag. This companion is several orders of 
magnitude fainter than the 0.1 7M Q WD observed today, and 
therefore the lack of evidence of a companion in the optical 
photometry is consistent with this formation scenario. 

4.3. A Neutron Star 

If the orbital inclination angle of the LP400-22 binary sys- 
tem is less than 32°, the companion mass is >1.4M Q , con- 
sistent with a neutron star. Given the observational connec- 
tion between low-mass WDs and millisecond pulsars (MSPs), 
there have been several attempts at detecting MSP compan- 
ions to the newly discovered low-mass WDs. lAgiieros et al. I 
(2009) conducted a search for pulsar companions to 15 low- 
mass WDs spectroscopically identified in the SDSS at 820 
MHz with the NRAO Green Bank Telescope. However, no 
convincing pulsar signal was detected in their data, and they 
conclude that the probability that the companion to a given 

6 This limit is set by the fact that more massive stars do not form degenerate 
helium cores and that a common envelope phase with a more massive giant 
would end end up in a merger and not in a binary system iNele mans et all 

Hooch . 
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low-mass WD is a MSP is < 10^%. In addition, the proba- 
bility of observing a binary system at an angle less than 32° 
is only 15%. We require radio and X-ray observations of 
LP400-22 to put constraints on a possible pulsar companion 
(Agiieros et al., in preparation). 

5. DISCUSSION 

Our radial velocity measurements of LP400-22 show that 
it is in a binary system with an orbital period of 0.98776 day. 
Short period binaries may merge within a Hubble time by los- 
ing angular momentum through gravitational radiation. How- 
ever, the merger time for the LP400-22 binary is longer than 
230 Gyr for either a WD or a neutron star companion. 

At a Galactic latitude of -30.6°, LP400-22 is w 200 pc 
below the plane. The systemic radial velocity of the binary 
system is -175.7 ± 11.4 km s~' and the proper mo tion is 
(p, a cos8 , fis) = (198,53 mas vr'^ lLepine & S hara 20051). The 
velocity compone nts 7 with respect to the local standard of 
rest as defined by iHogg et all (120051) are U = -396 ± 43 , V = 
-195 ± 15, and W = -27 ± 19 km s" 1 . Clearly, LP400-22 is 
not a disk star. In the Galactic rest frame its total velocity is 
398 ± 50 km s _1 . This is slightly lower than the canonical 
escape velocity of 500-550 km s" 1 in the solar neighborhood 
(ICarnev et alJll988t ISmith et1dl2l)07h . 

For comparison, halo stars within 1 kpc of the Galactic 
plane have typical velocities o f U = -17 ± 141, V = -187 ± 
106, and W = -5 ± 94 km s" 1 (IChiba & Beers! |2000|) . Thus, 
LP400-22's U velocity ma kes it an outlier among halo stars. 
There is only one star in the lChiba & Beersl (j2000) study,-29 
201W1, that has UVW velocities consistent with those of 
LP400-22 within 2a. This star demonstrates that stars with 
similar kinematics to LP400-22 do e xist, but compri s e only 
0.1% of nearby metal poor stars in the IChiba & B eers (2000) 
sample. We now explore whether LP400-22 is more plausi- 
bly explained as a disk runaway or a Galactic center ejection. 

Runaway disk stars are explained by velocity kicks from 
3- or 4-body dynamical interactions or from binary compan- 
ions that explode as supernovae. Depending on the orbital 
separation and binary mass fraction, a supernova explosion 
may or may not disrupt the binary system. If the compan- 
ion to LP400-22 is a neutron star, it could be responsible for 
the observed high velocity of the system. However, detailed 
binary population synt hesis calculations of runaway stars by 
Porte g ies Zwartl (l2000h show that less than 1 % of runaways 
receive velocity kicks in excess of 200 km s" 1 . Known low 
mass WD + MSP systems can be used to test the supernova 
kick scenario. We estimate that the PSR J1012+5307 and PSR 
J1911-5958A binary systems have total velocities < 90 km 
s" 1 , based on the radial and tangential v eloci ty estimates by 



lLorimer et all (1 19951) . iBassa et all (120061) . and lCorongiu et all 
d2006h . This comparison shows that LP400-22 is unique in 
its large space velocity, and the supernova kick scenario is 
u nlikely to expla i n it. 

Justham et al. (2009) recently suggested that single run- 
away WDs may form from SNe la in short period (^1 hr) 
binary systems. Since we now know that LP400-22 is a bi- 
nary with an almost one day period, the SNe la mechanism is 
ruled out for this system. 

Figure 3 plots the Galactic orbit of LP4 00-22 for the past 1 
Gyr, in a static disk-halo-bulge potential (Kenyon et al. 2008). 
Given its relatively low W velocity, LP400-22 stays within 

7 The velocity components U, V, and W are directed to the Galactic center, 
rotation direction, and north Galactic pole, respectively. 




FIG. 3.— The Galactic orbit of LP400-22 for the past 1 Gyr. The orbital 
motion since LP400-22 became a WD (500 Myr ago) is shown as a dashed 
line. The current position of the WD is marked with a dot. 

10 kpc of the Galactic plane. The large U velocity causes 
it to move mostly in the radial direction, and its closest ap- 
proach to the Galactic center occurs at a distance of R « 270 
pc. Given the uncertainties in the measured parameters, we 
estimate that the last pericenter passage occurred around 16 
Myr ago with a 0.1% chance that LP400-22 passed within 
10 pc of the Galactic center. Recent discoveries of unbound 
hypervelocity stars in the Galaxy suggest that the extreme ve- 
locities of these stars come from dynamical inter actions with 
the m assive black hole in the Galactic center dBrown et al.1 
2009). However, massive black h ole ejection mechanisms 
(iHills 1119881 lYu & Tremaine 1120031) are much more likely t o 
eject single stars than binaries dLu et al.ll2007t lPeretsl [2009). 
as most of the binaries are not expected to survive close to 
the massive black hole in the Galactic center. Tidal disruption 
of a hierarchical triple star system by a central massive black 
hole cou l d, in p rinciple, lead to the ejection of a close binary. 
iLu et al.l d2007) find that the typical ejection speed of such a 
binary would be 400 km s" 1 . However, all things considered, 
LP400-22 is most likely a halo binary star system with an 
unusual orbit. 

6. CONCLUSIONS 

The runaway WD LP400-22 has a radial velocity compan- 
ion. The optical photometry and the orbital parameters of the 
system rule out a low mass main sequence star companion. 
Although a neutron star companion cannot be ruled out, the 
most likely companion is another WD. A supernova kick or 
a Galactic center ejection is unlikely to explain the runaway 
nature of LP400-22. We suggest that LP400-22 may belong 
to a small sample of halo WDs with unusual orbits. 

Excluding the two millisecond pulsar systems, LP400-22 is 
only the second ELM WD studied for optical radial velocity 
variations. Both LP400-22 and SDSS J0917+46 show radial 
velocity variations due to compact companions, supporting 
the binary formation scenario for ELM WDs. A radial ve- 
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locity follow-up survey of the other ELM WDs found in the 
SDSS is currently underway at the MMT 
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